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ByGeorgeE.Glawe2FrederickS.Simmons,andZ&umanM.Stickney

Radiationandrecoverycorrectionsandt* mnstantswereexperi-
mentallydeterminedforseveraldesignsofshieldedandunshieldedther-
mocoupleprobesusingchromel-ahnnelwire.Radiationandtimeconstant
datawereobtainedforMachnuuibersfrom0.3to0.9,staticpressures
from~ to1~atmospheres,andtemperaturesfrom1500°to2500°R. Re-
coverydatawereobtainedforMachnumbersfrom0.2to0.9andstatic

pressuresfrom+to1:atmospheres,atroomtotaltemperature.A re-
viewofthe@eoryofgastemperaturemeasurementsandananalysisof
thedatashowthatsimpleempiricalformulascm beusedtocorrelate
correctionsforvariousgas-streamconditions.Tablesandgraphsare
presentedwhichshowthecorrectionfactorsofthevariousdesignsto
aidinselectinga probefora particularapplication.

INTRODUCTION

Inperformancestudiesofjetengines,accurateknowledgeofthe
gastemperatureatthecombustoroutletandinthetailpipeisfrequently
required.Thermocoupleprobes=e conventionalinstrumentsforsuch
measurements;however,withtheseprobes,correctionsofrelativelylarge
msgnitudeareOfteIIIlecesse.?W.Thisnecessityresultsfromthefactthat
a bodyitmuersedina high-temperature,high-velocitygasstreamgenerally
attainsthermalequilibriumata temperaturedifferentfromthatofthe
gas.Fora thermocoupleprobeimmersedina low-velocitygasatsteady-
stateconditions,a heatbalanceexistsbetweentheconvectiveheat
transferfromthegastotheprobeandtheradiationandconductionbe-
tweentheprobeandexbernal.surrotii~s.Ath@hervelocities=
additionalfactorbecomesimportant,namely,theaerodynamicheating
effect.Theeffectsofthevariousfactorswhichcontributetothein-
abilityoftheth=mocoupletoindicatetotaltemperature~be expressed
intermsofcorrectionstobeappliedtothetemperatureindication.
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2 NK!/ITN3766

Thesecorrectionsmaybetermed“radiationandconductioncorrections”,
whichaccountfortheexternalheat-transfereffects,and“recoverycor-
rections”,whichaccoyntfortheinternalheat-transferandaerodynamic
heatingeffects.

Fortransientconditions,a characteristic“timeconstant”,associated
witha givenprobe,is&o involved.Variousinvestigatorshaveevalu-
atedthesequantitiesformauydifferentprobedesigns.Reference1 is
a comprehensivebib~ographyofthesubject;reference2 isa more recent
workthatpresentssomeof-theconsiderationsintheselectionofprobes
forjet-enginetemp=aturemeasurements.Fora givenap@icationa com-
promiseofdesirehleprobecharacteristicsisusuallynecessary(ref.2).
Thepresentworkisconcmnedwiththeexperimentalevaluationofseveral
probedesigns,hithertounreported,alongwithsomestandarddesignswhich
havefoundconsiderableapplicationattheIWCALewisLaboratory.This
workispartofthehigh-temperature-measurementsresearchprogrambeing
conductedattheLewisFlightPropulsionLaboratory.
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SYMBOLS

specificheatofthermocouplewire

diameterofwire

convectiveheat-transfercoefficient

radiation-correctioncoefficient

Machnllliber

totalpressure

staticpressure

heat-transferrate

radiantheat-transferrate

heat-storagerate

totaltemperature

equivalentducttemperature

temperatureofgassurroundingjunction
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%
indicatedjunctiontemperature

t time. -.
A recovery-correctionfactor,(Tt- Tg)/Tt

&w emittanceofwire

P~ densityofthermocouplewire

a Stefan-BoltzmannconstantMN
1? ‘r timeconstant

=*
o referencetimeconstant

subscripts:

+ c convective
a
+ f final

?3,. i initial

k conductive

w thermocouplewire

o reference

TEEORY

The
velocity

indicationofa temperatureprobe,ina high-temperaturehigh-
gas,istheresultofa balanceamongvariousmodesofheat

transfer.Ingeneral,onemaywrite

‘#’~+~k+~8=o (1)

whereqc istherateofconvectiveheattransferbetweenthegasstream
andtheJunctiontqr istherateofnetradismtheatexchangebetween
thejunctionandthe8UrrO@w8j qk istherateatwhichheatiscon-
ductedoutofthejunctionthroughthethermocouplewire,and q8 is
therateofheatstorageinthejunction.

.
Itmaybeconcludedthatsteady-stategastemperaturesmsybeob-

%ainedbyaddingradiation,conduction,andrecoverycorrectionstothe
thermocoupleindication,=d tmt thetrmsientbe~viorofa thermo-
couplemaybe characterizedbya parametertermedthetimeconstant.

.—...—..—. —— .-. .— -—— -—. —.. — -—— -.--— . . — -- —- -- .-— —
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The detailedequationsfortheparticularcaseofa bare-wirether-
mocouplearedevelopedinreference3 andsummarizedinreference2.
Reference2postulatesthat,forotherprobedesigns,itispossibleto
write

(2)

(3)

wheretheconstantsofproportionalityy srefunctionsofthegeometries
ofthejunctionandprobe.Itisfurtherpostulatedthattheconvective
heat-transfercoefficienthc isproportionaltothesqusrerootofthe
Reynoldsnumbwbasedonthewirediameterandonthegaspropertiesat
wiretemperature.Therefore,expressionsforradiationcorrectionsand
timeconstantsfortheseotherprobedesignscanbederivedthatare
similarinalgebraicformtotheradiation-correctionandtime-constant
formulasforthebare-tiedesigntreatedinreference3. Theequations

.7

derivedinreferences2 and3 srefora standardtemperatureof51.9°R.
Foreaseofcomputation,inthepresentreporttheequationsarenmdtfied .
inordertousea referencetemperatureof1000°R. Theseequationscan
bewrittenasfollows:

Radiationcorrection=
$(&)-”’*[!&r - (~~] (5)

(4)

wheretemperaturesarein‘Randpressurep isinatmosph=es.

f low

(6)

Evaluationoftheterms~ti and ~~ forabue me incross-
fromrelationsinreference3 yields

(7)

(8) 0

— .- — —— -
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wherepw is illpOUIldmasspercubicfOOt,Cw is in Btuperpud
mass,and d isininches.(Theradiation-correctioncoefficient..-
is0.89x101dtimesthequantity~ usedinreference2;%x iS 0.89
timesthequantityTO alsousedinref=ence2.)

Thevalidityoftheassu@ionsleadingtoequations(~)-and(6)is
subjecttoeqerimentalconfirmationthatthequantities~ti and ~~
sxeindeedconstantoverwiderangesof M,p,and Tw. H thisfact
wereestshlished,suchexperimentscouldalsogiveempiricalvaluesof
theconstantsthatwouldbemorereliablethanthevalueswhichwere
establishedinreference2 througha conibinationofexperimentaldataand
intuitivetheoreticalassumptions.Theexperimentsdescribedhereindo
providesuchempiricalinformation.

Theconductioncorrectionisnotconsideredseparatelyinthisreport,
becausethetestmethoddidnotdistinguishbetweenradiative‘andcon-
ductivemodesofheatloss,endbecausecomputationindicatesthatthe
conductioncorrectionisa minorportionoftheconibinedheat-loss
correction.

Inusingthermocoupleprobes$itisconvenienttocorrectforan
aerodynamicrecoveryerrorbyusinga recove~-correctionfactorA
where

Tt- Tg
A=~ (9)

ThequantityA isprimarilya fuuctionoftheMachandReynolds
numbers.Reference4 showsthatforcylindersincrossflowwithdiameters
between0.010and0.040inch

A~.=

where~, asa functionof

(lo)

theMachnuniber,isdeterminedfora reference
diameter-do atreferencevaluesofthepressureP. andthetempera-
ture To.

Data,whichsuggestthatsimilarexpressionsmightbeempirically
establishedforotherprobeconfigurations,are

r
resentedinreference5.

Thisreferencesuggeststhattheexponentof(pPO)isabout-O.8for
“ variousshieldeddesignsand-0.1foranunshieldedwedge..

Forconditionsw&re theconductionerrorisnegligible,equations
(5)and(9)maybe cotiinedtogivethetotaltemperatureofthegas Tte
intermsofthejunctiontemperature!l?W.Then

- . . . . .-. —.-— ———— — ——— —— -——. —-- -.———-—- —.
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%=(%+~(’a-””’u’i%)’
or,approximately,since

,t=++{~(-s)-””’ua’
Intheexperimentsreported

adequate.
herein,the

-G--]}(+J(l,) -

approximation

“

‘%’+

(12)was

(12)

APPARATUSANDPROCEDURE

ProbeDescriptions

A photographanddetaileddrams oftheprobestestedareshown
infigures1 and2,respectively.Probe1wasusedinthetestsasa
standardorreferenceprobeforreasonsdiscussedinthenextsection;
probes2,3,W 4 wereincludedforpurposesofcomparison.Probes5, ‘
6,7,8,and9 -e designedforspecialtestapplicationsatthis
Laboratory.Allprobeshadchromel-alumelelements.Someprobeswere
constructedwithsolidceramicinsulatorsandothersusedswaged

.

magnesium-oxideinsulation.Fourprobesofeachtypewereconstructed
forthesetests,inordertoprovidegreaterassurancethattheresults
wererepresentativeoftherespectivedesigns..

Wobe 1 isa sonic-aspiratedthermocouplesimilartothosereported
inreference6. Probe2 isa platinum-shieldedthermocouplesuchasde-
scribedinreference7. Probe3 isa semi-shieldedthermocouple(ref.8),
andprobe4 isabare-wirecrossflowprobe(ref.2). Probe5 isanun-
shieldedconfigurationInwhichthewireswereweldedandshapedtoform
a wedge.Probe6hasanelementidenticaltothatofprobe5,enclosed
ina singlestagnationshield.Probe7hasa wedge-shapedelementen-
closedina venturi-shapedshield.Probes8 and9 haveelements
enclosedina sta+mationshield,whichinturnisenclosedinanother
shieldwithprovisionforaspirating.thehotgases
shields.Probe8 isa smallerversionofprobe9,
structionchanges,whichareshowninthedetailed
2(h).

betweenthetwo
butithassomecon-
drawingsoffigure

TestMethodsandAccuracy

Thetests were performedh thehigh-teqeraturetunnelwithan
Inconelconibustorsection(ref.9).

.
Thisfacili@iscapableofproducing

l&chnuribersfromO.2to1.0attemperaturesfromlOooOto3500°Faud
pressuresfrom1/2to2 atmospheres.Thearrangementatthetestsection

-. .-. .- - ———_ .. ——.-
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isshownschematicallyinfigure3. Radiationandtime-response
wereobtainedforMachnudbersfrom0.3to0.9,staticpressures

data
from

~ to$ atmospheres,andtemperaturesfrom1500°to2500°R. Theradia-
tionmrrectionsofprobes2 to9 weredeterminedby ccnqpringtheprobe
readingswiththoseofthesonic-aspiratedprobe1,thelatterprobe
beingvirtuallyfreefromradiationerrors(ref.6). Thiscomparisonwas
doneatanygivenconditionofairstreamtemperature,pressure,andve-
loci+qy2bymovingeachprobetothesamelocationinthegasstream.
Thisprocedurewasusedbecauseslighttemperatureandvelocitygradients
existedinthejetcrosssectionundercertainflowconditions.

!Cimeconstantsweredeterminedby suddenlyinsertingthetestprobes
intothegasstreambymeansofthepneumaticactuator,showninfigure
3,andrecordingthetemperaturechangewithtime.Thesetestsweremade
inconjunctionwiththeradiation-correctiondeterminations;hencejthe
sameramgeoftestconditionswascbvered.

Therecoverycorrectionswereobtainedina variable-densitytunnel,
theapparatusandinstrumentationforwhicharedescribedinreference5.
RecoverydatawereobtainedforMachnumbersfrom”0.2toO.9andtotal
pressuresfrom+ to1$atmospheres,atroomtotaltemperature.

Theinternalaccuracyofthehigh-temperaturetestswasestimated
fromthefollowingconsid~ations:Thethermocouplewirehada calibra-
tiontoleranceofO.4percent.Therecordingpotentiometerhada litit
oferrorequivalent to 6°l?.Theprobableerroroftherecoveryconstmt
determinationforthesonic-aspiratedthermocoupleprobewasestimatedto
beO.5percent;thiserrorarisesfromdisplacementoftheth-ocouple
junctionrelativetothenozzlethroatbecauseofthethermalexpension
anduncertaintyofthetemperatureeffectontheaaibientrecoverycorrec-
tion.Assumingthatprobableerrorsofwirecalibrationandpotentiome-
terindicationareabouthalfofthelimitsoferror,theresultant
probableerrorisabout0.7percentoftheabsolutetemperature.

Theradiationcorrectionswereobtainedbytakingthedifferencebe-
tweenthetemperaturesofthesonicthermocouplesndtheprobeunder
testconditionsaftertheindicationsofeachwerecorrectedforrecovery
effects.Thefactor~ti wasthencalculatedbyusingequation(5).
IndeterminingtheMOstprobablevalueof K$~j moreweightwasgiven
tothedatainwhichthedifferenceof T.g- ~ wasgreaterthantie
probableerror0.007‘l+;thesedatafora givenprobewereobtainedin
testsathightemperaturesandrelativelylowvelocitiesamdpressures.

[
A weightingfactor(Tg- ~)/0.00f12wasusedforthispurpose.

. . . . . . _________ .-. —. . ..—--— ... .._. ——. - .—— .-— — .—-. — .—
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RadiationCorrections .
Forprobes2 to7 thefactor~*ti appearedtobeconstantwithin

thescatterofthedata.Theweightedmeanvaluesof ~*~ arelisted
intableI;theuncertaintiesshownaretheweightedaveragedeviations
fromthemean.Forabare-wirecrossflowprobea theoreticalvalueof
~*~ rangesfrom3.4to3.9> assumingemittancesforchromel-alumelof
O.7toO.8;thus,theexperimentalvalue(3.6@.4) for ~*~ obtained
forprobe4 isconsistentwiththetheory.!fheVEd.UeOf @ad obtained
fortheplatinum-shieldedthermocouple,probe2,isingooda~eementwith
thevaluecalculatedfromdatagiveninreference7. Totaltemperature
obtainedwithprobe9 agreedwithtotaltemperatureobtainedwiththe
sonic-aspiratedprobe(probe1)withintheexperimentalaccuracyofthe
hightemperaturetests.Thesmallerdouble-shieldedaspiratedprobe(probe
8)exhibiteda radiationerrorontheorderof3/4percentat2500°R.

Theresultantradiationcorrectionsforprobes2 to9 ina typical
setofstreamconditionsareshowninfigure4. Itshouldbenotedthat ,
theradiationcorrectionsfortheunshieldedprobeswouldbereducedby
a factorof3 ifplatinumrhodium-platinumwirewasusedinsteadof
chromel-alumel. d

TimeConstants

Forprobes2 to72thefactor%3 similarlyappearedtobe con-
stant. Themeanvaluesof ‘C~arealsoshownintable1. Forthebare-
wirecrossflowthermocouple,probe42theexperimentalvalue0.40kO.03
wasobtained.Thetheoreticalvalueof %6 fromreference3was0.43.

Thetransientresponseofaspiratedpro%es8 and9 showeda marked
deviationfroma first-ordersystem,andthetimerequiredtoattain63
percentofthestepchangerangedfromO.3toO.7secondforprobe8,
andO.6to1.4secondsforprobe9,intherangeoftestconditions.
Sincetheprobesareaspirated,*heset“- constantsarenotdirectly
relatedtofree-streamconditionsbya relationshipsuchasshownin
equation(6). An explanationofthemarkeddeviationflroma first-order
systemliesintheconsiderationthattheresponseoftheprobeinvolves
theconibinedresponseofthethermocoupleandthetworadiationshields,
witheach su%jectto cliff=entflowconditions.A typicaltime-response
recordisshowninfigure5. Thegeneralshapeofthecurveindicates
a rapidinitialresponseendthena slowerresponsetothefinaltempera- ‘
turelevel.Thislatterpartofthecurveisprobablyinfluencedmost
bytheslowerresponseoftheshieldswhichareofa considerablygreater .
massthanthethermocouple.

,

—--.—— _ -. -. —— —-.
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RecoveryCorrections

Thereferencerecoverycorrectionfactor~ varieswithMachnumiber
(fig.6);thesedatawereobtainedata totaltemperatureof540°R and
atmospherictotalpressure.Thecrosshatchedregionsrepresentthe
spreadindataforseveralprobes.Thevaluesof ~ shownforprobes
1,8,and9 areforcritical-pressure-ratioaspiration;therecovery
correctionisindependentofthefree-streamMachnuniber.

Thevariationoftherecovery-correctionfactor-withpressureis
showninfigure7. TableIIshowsthecombinedeffectsofMachnumber
andpressureontherecoverycorrection.

Fora cylindricalwireincrossflow,therecoverycorrectionvaries
slightlywithReynoldsr.umiber(ref.4). Intermsofexperimentally
determinedquantities,thisimpliesa variationwithpressureandtempera-
ture.Datahemeinreportedshowtheeffectofpressure,butnottempera-
ture,ontherecoverycorrection.However,ifa Reynoldsnuniberrelation
exists,thena probewhichhasanappreciablepressureeffectonthe
recoverycorrectionmuld alsohaveanappreciabletemperatureeffect.

ConductionCorrections

ConsiderationoftheMachnuxtiber,pressure,andtemperatureeffects
ontheradiationandconductionerrors,indicatesthatfortherangein
whichtheprobesweretested,theconductionerrorisnegligiblewhen
comparedwiththeradiationerror.Thisistheresultofa deliberate
choiceofthehighestpossiblelength-to-diameterratiosofthethermo-
cou@econsistentwithadequatemechanicalstrength.

EffectofAspirationRate

Figure8 showsthetemperatureindicatedbyprobe9 witha varia-
tionintheaspirationrateasmeasuredbythepressure.dropacrossthe
probe(streamtotalpressureminuspressuremeasuredatpoint.B,fig.
2(i));probe8 yieldedsimilarremilts.

DISCUSSION

Theresultsillustratequitewellthattheselectionofa probefor
a givena~licationinvolvesa compromiseamongdestiablecharacteristics.
Forinstance,probes5 and6,whicharesuitableaselementsforrakesto
measuretemperatureprofiles,exhibitverydifferentcharacteristics.
Probe5 hastwicetheradiationcorrectionbutresponds3 timesasfast
asprobe6. Probe7 showsgoodcharacteristicsinbothrespects,butis
moredifficulttofabricateandpresentssomeproblemsininstallation.

.. . . - .— —-— ——. ......— —— ____ —.__ .._ -. —— -- --—-—— .—-— - . . - ----
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Wherespeedofresponseisnotimportant,probes8 and9 performas
wellasthesonicthermocou@eintherangeofflowconditionscoveredto
withintheaccuracyoftheexperiments.Theseprobes,moreover,are .
easiertoconstructandaremoreruggedbecausethewiresareina low- .
velocityregion.Alsotheydonotrequireexactpositioningoftheele-
ment(asisthecaseforthesonicaspiza.tedprobe1)nordemandthata
criticalpressureratiobemaintainedacrosstheprobe.Hence,theyoffer
someadvantageoverthesonicthermocoupleh applicationswherea pressure
ratiolessthancriticalisavaikbleforasptiation$forexample,inthe
tailpipeofa jetenginewherethegasesthroughtheprobecouldbeducted CJl
totheexhaust-pressureregion.Comparativeperformancee oftheseprobes. 8
inmoresevererequirements,suchasverylow-pressurecotiustionstudies,

m

wouldreqtiefurtherinvestigation.

Ingeneral,theunshieldedelementsexhibita larger“~ thanthe
shieldedprobes(fig.6). However,thevsriationof A/Ao withpressure
fortheunshieldedelementsislessthanthevsriationofA/~ forthe’
shieldedprobes(fig.7). Theprobesreportedinreference5 showsim-
ilarckac-istics. Thus,inapplicationatlowpressurestheshielded
probecanhavea recoveryerroronthesameorderofmagnitudeasthe
unshieldedtypes.ThissituationismoreclearlyindicatedintableII. .

Thedataclearlyshowthaterrorsofrelativelylargemagnitudein
themeasurementofgastemperaturemayresultfromneglectoftheradia-
tionandrecoverycorrectionsforwe particularthermocoupleprobebeing “
used.

Theprobesdescribedinthisreportwerebuiltforspecificap-
plications.Theseapplicationsdeterminedthedimensionsofeachtype
ofdesign.Systematicdeterminationoftheoptimumvalueofcertain
criticaldimensionswasnotmadeinallcases.Inviewofthesefactors,
thedimensionsgivenmaynotnecessarilybeoptimumfortheparticular
designtype.

LewisFlightPropulsionLaboratory
nationalAdvisoryCommitteeforAeronautics

ClevelandjOhio,May28,1956

-.——— -.—
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Probet~e

Platinum shielded

Semishielded

Bare-wirecrossflow

Unshieldedwedge

Shieldedwedge

Venturishieldedwedge

2 1.3W.2o.80@.08

3 13”’Q”711“W”2
4

5 4.&O.40.47@.02

6. I
7 0.7+0.2o.2ao.ol

—— —-——
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TABLEII.- VARIATIONOFRECOVERY-CORKECTTONFAC!N3RA

WITKFRESSUREANDMACHNUM6ER
.

E
o
In

“

.

Probe?otal
~res-
mre,
atm
1.0
.5
.2

&ch number

0.90.3 0.6

0.040II0.0370.0280.0400.037
0.027

0.026

0.004
0.010

0.032
0.031

0.021
0.021

0.004
0.006

0.023
0.023

1 0.040
0.037

0.028 0.028

0.016
0.016

0.015

0.003
0.006

0.o11
0.025

0.024
0●022

2 1.0
.5
.2

1.0
.5
.2 +

0.005
0.005

0.001
0:003

0.005 0.024

3

0.005 0.018
0.007

0.007
0.006

4 1.0
.5
.2 0.029

5 1.0
.5
.2

0.003
0.003

0.013
0.013

0.014! 0.004
I

0.022

0.001
0.002

0.003

0.005
0.005

0.005
0.005

0.005
0.004

0.005

0.0036 1.0
.5
.2

1.0
.5
.2

0.004
0.007 0.010

7 0.016
0.016

0.015 0.021
8 0.005

+

0.005
0.005

0.005
0.005

1.0
.5
.2
1.0
.5
.2

0.005
0.004 0.004

9 0.005

E 0.005
●0.004 0.004

.. .. .--. —..- --- —-- . . ..— —. --- -— -- —-. ——— — --— .- ——... — -—
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